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“Capsule”: Diammonium phosphate was the most effective treatment for immobilizing heavy metals.

Abstract

Three chemical immobilization materials, agricultural limestone (AL), mineral rock phosphate (RP), and diammonium phos-
phate (DAP), were evaluated using solute transport experiments to determine their ability to reduce subsurface heavy metal trans-
port in a smelter contaminated soil. Percent reductions in metals transported were based on comparison with cumulative totals of
metal species eluted through 60 pore volumes from an untreated soil. Reductions of metal eluted from the AL treatment were 55%
for Cd, 45.2% for Pb, and 21.9% for Zn. Rock phosphate mixed with soil at 60 and 180 g kg—' was generally ineffective for redu-
cing Cd, Pb, and Zn elution with <27% reduction for Cd, Pb, and Zn. Rock phosphate placed under contaminated soil as a
reactive barrier (i.e. layered RP) at 180 g kg~! reduced Cd 53% and Zn 24%, and was the most efficient treatment for reducing Pb
(99.9%) transport. DAP treatments were superior to all other materials for reducing Cd and Zn elution with reduction >77% for
Zn and >91% for Cd from the 90 g DAP kg~! treatment. Increasing DAP from 10 to 90 g kg~! increased total arsenic released
from 0.13 to 29.5 mg kg~! and total P eluted from 2.31 to 335 mg. DAP at 10 g kg~! was the most effective treatment for immo-

bilizing the combination of Cd, Pb, and Zn, with reductions of 94.6, 98.9, and 95.8%, respectively.
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1. Introduction

Mining, processing, and smelting activities have con-
taminated soil and water resources with heavy metals
throughout the world. Geochemical weathering pro-
cesses acting upon metallurgical wastes and by-products
initiate the process of transporting heavy metals from
contaminated areas and redistributing them to sur-
rounding soils, streams, and groundwater (Fuge et al.,
1993; Paulson, 1997). The redistribution of heavy metals
by means of solute transport mechanisms can adversely
affect water resources and endanger the health of sur-
rounding ecosystems and human populations.
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Soil remediation technologies based on the excava-
tion, transport, and landfilling of metal contaminated
soils and wastes are highly effective at lowering risk;
however, they can also be expensive to implement.
Other in-situ remediation techniques avoid transporta-
tion and landfilling costs by treating contaminants in
place. In-situ chemical immobilization is a remediation
technique that decreases the concentration of dissolved
contaminants by sorption or precipitation. Increased
sorption and decreased solubility can reduce pollutant
transport and redistribution from contaminated soils,
mine refuse, and smelting by-products. Furthermore,
chemical immobilization treatments may also serve as
reactive barriers to prevent metal seepage from recovery
pits and other processing areas on active and defunct
sites (Wagner, 1994). Compared with other remediation
techniques, in-situ chemical immobilization is less
expensive and may provide a long-term remediation
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solution through the formation of low solubility miner-
als and/or precipitates.

Research on chemical immobilization of heavy metals
has included alkaline- and phosphate-based materials
that adsorb, chelate, or complex heavy metals in soil.
Alkaline materials used as chemical immobilization
treatments include calcium oxides, and calcium and
magnesium carbonates (Derome, 2000; Derome and
Saarsalmi, 1999; Filius et al., 1998; Hooda and Alloway,
1996). Alkaline amendments reduce heavy metal solu-
bility in soil by increasing soil pH and concomitantly
increasing metal sorption to soil particles (Filius et al.,
1998; McBride et al., 1997). Additionally, increased soil
pH and carbonate buffering can lead to the formation
of metal-carbonate precipitates, complexes, and sec-
ondary minerals (Chlopecka and Adriano, 1996;
McBride, 1989; Mench et al., 1994) that decrease metal
solubility and reduce metal transport.

Additions of phosphate materials or the inherent
presence of sufficient levels of soil P has proven
extremely effective as a chemical immobilization treat-
ment for Pb. Ruby et al. (1994) indicated that ade-
quate levels of soil phosphate were responsible for the
formation of insoluble complexes and the reduction in
potentially bioavailable Pb. Experiments involving
treatment of metal contaminated soils with rock
phosphates (apatite and hydroxyapatite) have shown
that formation of metal-phosphate precipitates and
minerals reduced heavy metal solubility. Insoluble and
geochemically stable lead pyromorphites such as
hydroxypyromorphite [Pbs(PO4);OH] and chloropyr-
omorphite [Pbs(PO,4);Cl] have been found to control
Pb solubility in apatite amended contaminated soils
(Chen et al., 1997; Eighmy et al., 1997; Laperche et
al., 1996; Ma et al., 1993; Ma et al., 1995; Ma and
Rao, 1997; Zhang and Ryan, 1999). In addition to
reducing metal solubility, rock phosphate amendments
are also effective at reducing metal bioavailability
associated with incidental ingestion of soil by humans
(Lambert et al., 1994; Zhang and Ryan, 1998) and for
reducing plant bioavailability of heavy metals (Basta
and Gradwohl, 1998; Chlopecka and Adriano, 1996;
Laperche et al., 1997).

Other research has shown that highly soluble phos-
phate sources (i.e. phosphate salts) enhance the poten-
tial for formation of lead pyromorphite compared to
rock phosphate (Cooper et al., 1998; Hettiarachchi et
al., 1997; Ma et al., 1993; Pierzynski and Schwab, 1993).
Ma and Rao (1997) suggested that P sources with higher
solubility could be mixed with rock phosphate to
increase the effectiveness of lead immobilization in con-
taminated soils. The addition of soluble phosphates
from industrial sources, such as Na,HPO, (Cotter-
Howells and Capron, 1996) and pyrophosphate (Xie
and MacKenzie, 1990), are also highly effective for
forming precipitates and/or increasing sorption of Pb

and Zn. Calcium and ammonium phosphate crop ferti-
lizers are widely available and have the potential to
serve as chemical immobilization treatments. Levi-
Minzi and Petruzzelli (1984) reported that diammo-
nium phosphate [DAP—(NH,4),HPO,] decreased Cd
solubility in soil cadmium suspensions, whereas Pier-
zynski and Schwab (1993) found that DAP increased
metal solubility due to the acidification from nitrifi-
cation. Of the soluble P sources, commercial phos-
phate fertilizers and sodium phosphates are the most
readily available material in large quantities required
for remediation of contaminated sites. However,
additions of large amounts of sodium may result in
soil dispersion and loss of the capability to support
vegetative growth.

Most research efforts investigating chemical immobi-
lization treatments have focused on reducing the bioa-
vailability (i.e. plants, human gastrointestinal),
solubility, or extractability (i.e. sequential extractions)
of metals. Additional information is needed on the
effect of chemical treatments for reducing the mobility
and transport of Cd, Pb, and Zn. The objective of this
study was to compare the ability of agricultural lime-
stone, rock phosphate, and diammonium phosphate
treatments to reduce heavy metal transport in a smelter
contaminated soil.

2. Materials and methods
2.1. Soil characterization

Surface soil (<20 cm) with elevated residual con-
centrations of Cd, Pb, Zn, and As (Table 1) was col-
lected from an inoperative smelter site in Northeastern
Oklahoma. Soil was air-dried and sieved (<2 mm)
prior to use. Collected soils had been treated with
coarse limestone approximately 4 months prior to the
date of collection. Soil pH (1:1, soil:water) determined
by combination electrode was 6.8. Particle size analysis
determined using the hydrometer method (Gee and
Bauder, 1986) indicated the soil was a sandy loam
(USDA classification) with 67% sand, 29% silt, and
4% clay. Total metal contamination in the soil was
determined by X-ray fluorescence spectroscropy (XRF)
is also reported in Table 1. Pressed powder pellets were
prepared from ground soil samples (<100 mesh) fol-
lowed by direct elemental determination of the sample
(Karathanasis and Hajek, 1996). The contaminated soil
was also tested to determine its hazardous waste dis-
posal status using the Toxicity Characteristic Leaching
Procedure (TCLP, SW-846 Method 1311) (US EPA,
1986). Furthermore, the soil was extracted with 0.5M
Ca(NOs), ata 1:20 soil:solution ratio for 16 h to estimate
potential metal bioavailability (Basta and Gradwohl,
2000).
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Table 1
Total content, TCLP extractable, and 0.5 M Ca(NO3), extractable Cd,
Pb, As, and Zn for the smelter-contaminated soil

Element  Total TCLP Extractable 0.5M Ca(NOs),

content?® Extractable
mg kg™ mg kg™
mg 1! Reg. limit®
Cd 1090 39.9+1.59 1.0 155.7+4.44
Pb 5150 21.04+0.58 5.0 12.3+0.43
As 152 0.0340.002 5.0 0.2540.02
Zn 69,200 1171£32 NA 585.5+17.8

2 Total content determined by X-ray fluorescence.
b Regulatory limit in mg 17! specified by US EPA Method 1311 (US
EPA, 1986).

2.2. Chemical immobilization treatments

Three chemical treatment materials were evaluated
for reducing the solubility and transport of Cd, Pb, and
Zn: agricultural limestone (AL) (104% effective calcium
carbonate equivalent (ECCE) as CaCO3), mineral rock
phosphate (RP) (12.4% P- carbonated fluorapatite
North Carolina source- 40 mesh), and reagent grade
diammonium phosphate (DAP 23% P) [(NH,4),HPO,].
Treatments were: check soil with no chemicals added,
10 ¢ DAP kg=!, 90 ¢ DAP kg~!, 60 g RP kg~!, 180 ¢
RP kg~!, and 170 g AL kg—! mixed thoroughly with the
soil. An additional treatment included 180 g RP kg~!
layered in the transport column to simulate the poten-
tial use of RP as a reactive barrier.

Phosphate amendments were based on providing a
specific P/total metal (M ,) molar ratios. Total metal,
for the purpose of the immobilization treatments, was
defined as the sum of total Cd, Pb, and Zn determined
by XRF. This treatment structure was chosen with the
intent to immobilize the total concentrations of the
three metal species in the smelter-contaminated soil.
Previous research has used the ratio of 3/5 P/Mya as
the basis of hydroxyapatite and apatite treatments to
lead-contaminated soils (Laperche et al., 1996; Ma et
al., 1993; Zhang et al., 1998; Zhang and Ryan, 1999).
This ratio corresponds to the stoichiometric P/Pb ratio
for chloropyromorphite [Pbs(PO4);Cl]. The 180 g RP
kg~! treatment corresponds to an approximate 3/5 P/
Moiar ratio, and the 60 g RP kg=! to a 1/5 P/M o
ratio. These RP treatments were mixed thoroughly with
the soil prior to repacking in the transport columns. In
addition to investigating mixed RP treatments, a
layered treatment of 180 g RP kg~! was also included to
simulate a reactive chemical barrier. For this treatment,
the entire amount of RP equivalent to 180 g RP kg~!
was layered on one end of the column and the remain-
ing volume of the column packed with contaminated
soil. The layer was positioned between the contaminated
soil and the outflow boundary of the repacked soil col-
umn. Due to the low inherent solubility of RP, the total

amount of phosphate applied with the RP source will
not congruently dissolve and produce high solution
concentrations of phosphorus. In contrast to the low
solubility RP source, using the highly water-soluble
(99.9% water soluble) DAP source in a 3/5 P/Mtal
molar ratio (90 g DAP kg~!) results in very high con-
centrations of soluble phosphate (20700 mg P kg~!).
Therefore the lower treatment of 10 g DAP kg~! (2300
mg P kg~!) which corresponds to a 1/15 P/Mg ratio
was also investigated. The agricultural limestone treat-
ment was based on the formation of metal-carbonate
precipitates, with the general formula [MCOs;], where
M = M1 as previously described. The actual rate of 170
g AL kg~! was 1.5 times the stoichiometric amount nee-
ded to convert M, to metal-carbonate precipitates.

2.3. Solute transport

Chemical immobilization treatments were evaluated
using solute transport experiments with repacked soil
columns similar to methods described by Selim and
Amacher (1996). Column dimensions were 4 cm i.d. by
7.5 or 10 cm length. Teflon filters (0.45 pm, Micron
Separations, Inc., Westboro, MA) were placed between
the soil matrix and end caps on each end of the column
to prevent loss of fines from the soil column. An addi-
tional filter of the same type was placed between the soil
matrix and each side of the RP layer on the 180 g RP
kg~ ! layered treatment. Soils were saturated with type 1
reagent grade water (> 18.0 MQ-cm at 25 °C) (ASTM,
1992) with continuous upward flow using a piston pump
(Fluid Metering, Inc., Syosset, New York) until satura-
tion, when flow was stopped and the column allowed to
equilibrate for 48 hours prior to miscible displacement.
Eighmy et al. (1997) indicated that 24 h was sufficient
for pseudo-equilibrium and solid phase precipitation of
metal compounds to occur with additions of soluble
phosphate to combustion residues. Our preliminary
studies showed that a steady state within the column
was obtained after 24 h of pre-equilibration; however,
we selected a pre-equilibration period of 48 hours for
added insurance of an equilibrated system. After the
equilibration period, a saturated upward flow regime
was resumed and soil solution fractions were collected
with a fraction collector (ISCO Inc., Lincoln, NB)
through 60 pore volumes. Column effluent was passed
through Teflon tubing and an in-line 0.45 pm filter
before collection into glass test tubes. Sample effluent
pH was immediately analyzed after collection by com-
bination electrode. Effluent aliquots were analyzed for
solution phosphate using the modified ascorbic acid
method (Murphy and Riley, 1962). Effluent was then
acidified with trace metal grade HNO; to pH<?2
(APHA, 1992) prior to metal analysis (Al, As, Ba, Ca,
Cd, Cr, Cu, K, Fe, Mg, Mn, Na, Ni, Pb, Zn) by Induc-
tively Coupled Plasma Atomic Emission Spectrometry
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(ICP-AES). Metal concentration measured in eluted frac-
tions was normalized to concentrations per 100 g of soil
for comparison of treatments. Elution curves for As, Cd,
Pb, P, and Zn were plotted for each column experiment.
Numeric integration of metal mass eluted (through 60
pore volumes) per mass of soil was calculated and Darcy
flux (q), and soil bulk density (py,) were determined.

Following each metal elution experiment, 50 mg Br L~!
solution was introduced as a conservative tracer to inves-
tigate the possibility of transport related non-equilibrium.
The tracer solution was introduced as a continuous flow
until complete breakthrough was obtained. Collected
effluent fractions were analyzed for Br~ by ion chromato-
graphy. Bromide tracer breakthrough curves were plotted
and fit using the model COLUMN 1.4 (Brown et al.,
1997) to examine the flow regime and determine the
potential for transport related non-equilibrium.

Chemical analyses were performed using calibration
curves determined from standards prepared from certi-
fied stock solutions. Sample blanks were analyzed to
determine and correct for any matrix effects. Trace metal
control standards were used to assess instrument preci-
sion and accuracy. Limits of detection (LOD) were
determined from the summation of three standard devi-
ations (3o) of the instrument response for seven repeated
analyses of a sample blank solution. Practical quantit-
ative limits (PQL) of detection were set at ten times the
LOD (APHA, 1992). Solution concentrations below the
PQL were assigned the value of zero in data analysis.

3. Results and discussion
3.1. Soil properties and contaminants

Total Cd, Pb, and Zn in the soil are well above back-
ground soil concentrations (Holmgren et al., 1993) indi-
cating a highly contaminated soil (Table 1). TCLP
extractable Cd and Pb exceed regulatory levels indicating
the soil qualifies as a hazardous material that requires
remediation and disposal in a hazardous waste facility
(Table 1). The high amounts of Cd, Pb, and Zn extracted
with 0.5M Ca(NOs), indicate a large portion of the total
heavy metals in the soil is potentially bioavailable (Table 1)
(Basta and Gradwohl, 2000). Total elemental content in g
kg~! (in parentheses) were: Si (193), Al (38), Ca (24), Mg
(2.5), K (6.1), Fe (47), Mn (1.9), Ti (3.2), P (0.39), and Cr
(0.27). As indicated by the Si-Fe ratio, the collected
material exhibits chemical properties of soil and not an
iron-based smelting waste. Saturated paste extractions
were used to determine soluble anions and EC. Soluble
anions in mg 17! (in parenthesis) were: Cl (26.6), SO4
(1560), and NO; (21.7). Soil EC was 2.15dSm™!.

The effect of soil treatment on soil pH and TCLP-
extractable Cd and Pb is shown in Table 2. Dia-
mmonium phosphate treatments showed the greatest

reduction in TCLP Pb and Cd but still exceeded the
US EPA regulatory levels. The TCLP method, a
diluted acetic acid extraction of waste, was developed
to estimate the potential of a contaminant to leach
from a landfill. However, this method is not quanti-
tative and cannot be used to describe long-term
environmental fate (e.g. leaching). Contaminant
transport models are the best methods used to
describe the long-term environmental threat of soil
contaminants leaching to groundwater not TCLP.
The effect of soil treatments on transport parameters
is discussed in the following section.

3.2. Contaminant transport

Solution pH was 7.040.2 throughout the duration of
all column elution experiments. Solution calcium eluted
throughout the duration of all experiments exceeded
0.005 M Ca (200 mg Ca 17!) indicating a well-buffered
system from the previous limestone amendments to the
soil. Because soil solutions were well buffered with respect
to Ca, the exclusion of additional background electro-
lytes from the eluting solution likely had no adverse effect
on soil structure or aggregate stability during leaching.
The experiment values for bulk density, Darcy flux, and
pore volume are given in Table 3. Soil bulk densities (pg)
in the repacked columns ranged between 1.26 and 1.38 g
cm—3 and Darcy flux between 1.70-4.88 cm h~!. The
degree of variability in Darcy flux for repacked columns
is typical of studies using repacked columns.

Bromide breakthrough curves for all columns were
sigmoid shaped and showed no apparent tailing, indi-
cating homogenous packing and well-satisfied boundary
conditions. The Br breakthrough curves showed beha-
vior representative of a conservative tracer in porous
media and conformed to the assumption of local equili-
brium with r? values above 0.99 for all fitted curves
(McGowen, 2000). These results indicate that transport-
related non-equilibrium, such as that caused by pre-
ferential flow or dual porosity media, was not a factor in
any of the experiments.

The ability of treatments to reduce Cd eluted (Fig. 1),
eluted Pb (Fig. 2), and eluted Zn (Fig. 3) in the con-
taminated soil followed the trend DAP>AL, RP.
Increasing the amount of treatment applied had little
effect on eluted Cd, Pb, or Zn. Similar Cd, Pb, or Zn
elution curves were obtained for 60 and 180 g kg~! RP
treatments. Similar Cd, Pb, or Zn elution curves were
obtained between 10 and 90 g kg—' DAP treatments.
Specific discussions of treatment effects on metal elution
are detailed in the following sections.

3.3. Rock phosphate treatments

The effects of RP treatments on the elution of Cd
(Fig. 1), Pb (Fig. 2), and Zn (Fig. 3) from the
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Table 2
Effect of soil amendment on soil pH and TCLP extractable Pb and Cd

Amendment Treatment®  Soil pH TCLP Pb® TCLP Cd®
gkg™! mg ! mg !

Untreated control - 6.97 44.8 49.3

Rock phosphate 60 7.10 41.9 44.6

Rock phosphate 180 L 6.84 46.3 49.7

Rock phosphate 180 M 7.11 313 39.9
Limestone 170 7.30 43.0 44.9
Diammonium phosphate 10 8.02 11.0 23.9
Diammonium phosphate 90 7.45 5.11 0.53

@ Layered treatment (L), Mixed treatment (M).
b U.S. EPA regulatory limits are 5.0 mg 1=! for Pb and 1.0 mg 1-! for Cd.

Table 3
Summary of transport parameters from untreated and treated soils

Amendment Treatment Length Flux cm  Bulk Pore
gkg™! cm hr~! density  volume
gem™  mL
Untreated control - 7.5 1.70 1.31 39.4
Rock phosphate 60 7.5 2.06 1.34 38.1
Rock phosphate 180 L2 10 4.88 1.36 49.9
Rock phosphate 180 MP 7.5 2.46 1.38 36.5
Limestone 170 10 4.72 1.36 49.7
Diammonium phosphate 10 7.5 243 1.29 40.1
Diammonium phosphate 90 10 4.84 1.26 5.4

@ Layered treatment (L).
b Mixed treatment (M).

Fig. 1. Cadmium elution curves for untreated and soils treated with
diammonium phosphate (DAP), agricultural limestone (AL), or rock
phosphate (RP).

smelter-contaminated soils through 60 pore volumes of
elution were determined. Layered RP at 180 g kg™!
showed 99.9% reduction in Pb eluted compared with
the untreated check, but was less effective in reduction
eluted Cd (53%) and Zn (24%) (Table 4). Mixed RP
treatments reduced Cd, Pb, and Zn leached from the
contaminated soil, but reductions were <27% of total
metals eluted from the untreated soil for the 180 g RP

N
%

4 F
~3

Fig. 2. Lead elution curves for untreated and soils treated with
diammonium phosphate (DAP), agricultural limestone (AL), or
rock phosphate (RP).

Fig. 3. Zinc elution curves for untreated and soils treated with
diammonium phosphate (DAP), agricultural limestone (AL), or
rock phosphate (RP).

kg~! treatment and <15% of total metals eluted for the
60 g RP kg~! treatment (Table 4). Phosphorus was not
detected (PQL=0.02 mg P L~!) in effluent from any of
the RP treated soils. Overall, metal elution curves for all
RP treatments, with the exception of the 180 g RP kg~!
layered treatment and Pb elution, were of similar shape
of the untreated soil metal elution curve but at slightly
lower concentrations (Figs. 1-3). The improved reduc-
tion efficiency for Cd and Pb by the layered RP treat-
ment compared with the mixed RP treatments could be
due to greater time of contact between dissolved metal
contaminants and rock phosphate surfaces. Results
suggest there was greater contact time between metals
and rock phosphate surfaces for layered RP compared
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Cumulative amount of As, Cd, Pb, and Zn collected per kg of smelter-contaminated soil through 60 pore volumes of elution and the percent
reduction (%R) of metal species eluted compared with the untreated control (in parentheses). Phosphorus eluted through 60 pore volumes of elution

is reported as mass per column

Amendment Treatment As mg kg~! Cd mg kg~! Pb pg kg~! Zn mg kg~! P mg
gkg! (%R) (%R) (%R) column™!

Untreated control - 0.0 14.9 (0.0) 460 (0.0) 108 (0.0) ND
Rock phosphate 60 0.0 12.7 (14.8) 418 (9.1) 94.1 (12.9) ND
Rock phosphate 180 L2 0.0 7.0 (53.0) 0.5 (99.9) 81.6 (24.4) ND
Rock phosphate 180 MP 0.0 10.9 (26.8) 376 (18.3) 79.3 (26.6) ND
Agricultural limestone 170 0.0 6.7 (55.0) 252 (45.2) 84.4 (21.9) ND
Diammonium phosphate 10 0.13 0.8 (94.6) 5.2 (98.9) 4.5 (95.8) 2.31
Diammonium phosphate 90 29.5 1.2 (91.9) 447 (90.3) 24.7 (77.1) 335

ND = Not detected.
4 Layered treatment (L).
® Mixed treatment (M).

to mixed RP. The concentration of the reactive surface
area of RP within the layer apparently increased the
kinetic rate of mineral sorption and/or precipitation of
metals in solution. This effect could be due to the con-
centration of reactive mineral surface area or to the
formation of a chemical microenvironment present
within the RP layer that provided for improved immo-
bilization of Pb and Cd compared with mixed RP
treatments.

3.4. Limestone treatments

The agricultural limestone treatment reduced Cd
eluted 55%, reduced Pb eluted 45.2%, and reduced Zn
eluted 21.9% compared to the respective totals for each
species eluted from the untreated soil (Table 4). The

average effluent pH from the AL treatment was 7.4
compared with 6.8 for the untreated soil. This effluent
pH favors the formation of heavy metal carbonates.
Total dissolved metal concentration in equilibrium with
solution at pH 7.4 would be 5.8 mg Zn L~!(aq) for
ZnCOs5, 0.02 mg Pb L~!(aq) for PbCO;, and 0.40 mg
Cd L~ Y(aq) for CdCO; (Table 5). Our eluted metal
concentrations were 12-fold greater for Zn, 11-fold
greater for Pb, and 20-fold greater for Cd; therefore, the
equilibration time of 48 h may not have may not have
been adequate for complete metal immobilization as
metal-carbonate precipitates (i.e. kinetic limiting).
Longer equilibration times prior to re-initiation of the
leaching process may have provided improved efficiency
of the AL treatment for reducing metal elution from the
contaminated soil.

Table 5

Thermodynamic dissolution constants (i.e. solubility product constants, Ky,) of for respective Pb, Cd, and Zn mineral dissolution reactions
Mineral Equilibrium Reaction Log K, Source
Octavite CdCO;=Cd?>" +CO03~ —11.3 a
Cd(OH), Cd(OH),=Cd?>" +2 OH~ —14.7 a
Cadmium phosphate Cd3(PO,),=3 Cd>* +2 PO;~ —38.1 @
Soil cadmium Soil-Cd =Cd>™* —7.00 b
Anglesite PbSO,=Pb%" +S03~ -7.79 b
Lead phosphate PbHPO,=Pb>* + HPO3~ —11.43 ¢
Cerrusite PbCO;=Pb2* +CO3~ —12.8 d
Lead hydroxypyromorphite Pbs(PO4);0OH =5 Pb** +3 PO3~ + OH™ —76.8 ¢
Lead chloropyromorphite Pbs(PO4);Cl=5Pb?>* +3 PO3~+Cl~ —84.4 ¢
Smithsonite (calamine) ZnCO;=7Zn>" +CO3~ -9.9 f
Zincite ZnO+2H " =Zn?" + H,O 11.16 b
Hopeite Zn3(POy),04H,0 =3 Zn>" +2 PO3~+4H,0 —354 €
Zinc pyromorphite Zns(PO4);OH =5 Zn?>* +3 PO3~+OH~ —63.1 f

a Jurinak and Santillian-Medrano, 1974.

® Lindsay, 1979, 2001.
¢ Nriagu, 1972.

d Santillian-Medrano and Jurinak, 1975.

¢ Nriagu, 1973.
f Nriagu, 1984.
g€ Kuo, 1986.



N.T. Basta, S.L. McGowen | Environmental Pollution 127 (2004) 73-82 79

3.5. Diammonium phosphate treatments

Both DAP treatments extensively decreased the
amounts of Cd eluted from the contaminated soil
(Fig. 1). For the 90 g DAP kg~! treatment, solution Cd
fell below the instrument PQL (6 pg 1=') at 4 pore
volumes and remained below measurable limits through
60 pore volumes. Compared with the untreated soil, a
reduction of 94.6 and 91.9% of the total Cd eluted was
obtained with the 10 and 90 g DAP kg~! treatments,
respectively (Table 4). DAP also decreased the amounts
of Pb eluted (Fig. 2) with only 1.1% of the total eluted
(99% reduction) compared with the control soil for the
10 g DAP kg=! treatment (Table 4). Furthermore,
eluted Pb in solution was reduced below the instrument
PQL (70 pg 171) after 2.5 pore volumes for the 90 g
DAP kg—! and after 3.2 pore volumes for the 10 g DAP
kg~! treatments. Eluted Zn was also reduced by addi-
tion of DAP (Fig. 3), with Zn in solution falling below
the PQL (15 pg 17') after 4.6 pore volumes for the 90 g
DAP kg~! treatment. However, total reduction of Zn
based on the untreated soil was far greater (95.8%) for
the 10 g DAP kg~! treatment than for the 90 g DAP
kg~! treatment (77.1%).

Elution curves of Cd, Pb, and Zn from the 90 g
DAP kg~! treatment all exhibited higher initial con-
centrations than the 10 g DAP kg~! treatment, but
then quickly decreased to solution concentrations
below instrument detection. For the 90 g DAP kg~!
treatment, solution collected from the first 5-7 pore
volumes of elution was dark colored at early times
and faded to clear after approximately 10 pore
volumes. The coloration of effluent fractions was
unique to this treatment and may have indicated the
formation of humic compounds or metal-organic
complexes. Phosphate compounds have long been
used in extraction of soil organic matter for char-
acterization (Swift, 1996). The high amounts of
phosphate likely extracted soluble organic matter and
possibly mobile metal-organic complexes. In addition
to the potential of complex formation, the Darcy flux
for the 90 g DAP kg~! treatment was 2-times greater
than for the 10 g DAP kg~ ! treatment. This higher
flux may have further contributed to the chemical
disequilibration in the system at early elution times
and increased the solution concentration of heavy
metals available for transport.

Application of DAP at 90 g kg~' released large
amounts of As from the contaminated soil (Fig. 4).
Increasing DAP from 10 to 90 g kg—! elevated the total
As eluted from 0.13 to 29.5 mg kg~! over 60 pore
volumes (Table 4), with As concentrations in solution as
high as 147 mg As 1~-!. Phosphate additions increased
As elution apparently by phosphate—arsenate ligand
exchange. Peryea and Kammereck (1997) and Peryea
(1991) reported similar phosphate induced release and

transport of As when P was added to orchard soils
spiked or contaminated with lead arsenate.

3.6. Phosphate elution

Large additions of P to the contaminated soil may
increase the risk of eutrophication to phosphate-limited
surface water bodies. Phosphorus elution curves for the
DAP amended column experiments are shown in Fig. 5.
As P application increased, the mass of P eluted from
the treated soil columns increased. Total phosphorus
eluted from the DAP treatments through 60 pore
volumes was 2.31 mg for the 10 mg DAP kg~! treat-
ment and 335 mg for the 90 mg DAP kg~! (Table 3).
The summation of total P eluted from the 10 mg DAP
kg~! treatment corresponds to <1% of the total P
added to the system; however, P eluted from the 90 mg
DAP kg~! represents 10.5% of the total P added. The
low percentage of total P eluted from the 10 mg DAP
kg~! treatment indicates an adequate pre-equilibration
period for sorption and/or precipitation to occur. As
previously indicated, excessive As was released with the
90 mg DAP kg~! treatment that may have contributed
to chemical non-equilibrium of heavy metals with this
treatment. Additions of soluble phosphate >10 mg
DAP kg=! (>2300 mg P kg~!) may have limited
potential for improving reduction of eluted heavy
metals from this soil and will likely increase eluted P
and As. Soluble phosphate was not detected in the RP
and AL treated experiments.

3.7. Effects of chemical treatments on soil pH

Ammonium-based fertilizers can result in soil acid-
ification (Sposito, 1989). Soil acidification from dia-
mmonium phosphate amendments would increase metal
solubility and mobility in soils. To investigate the effect
of chemical treatments on soil acidification, amended
soils were incubated at 0.22% volumetric water content
at 30 °C for 6 months. Soil pH was monitored periodi-
cally using a 1:1 soil:water ratio and a combination pH
electrode. For the DAP amended soils, soil pH values
decreased from 7.1 to 6.5 after 2 months and then
remained constant for two more months of investig-
ation. The buffering of the soil from previous application
of limestone added to the soil (in the field and prior to
collection) may have prevented a further decrease in
pH. It is likely that without previous lime application to
the soil that the pH may have further decreased to cri-
tical levels where metal solubility increases. The use of
liming materials with the application of soluble ammo-
nium phosphates may be required to prevent decreases in
soil pH and concomitant increases in metal solubility
over time. Other researchers have used liming materials
along with soluble phosphate treatments to buffer against
decreases in pH (Brown et al., 1999; Hettiarachchi et al.,
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Fig. 4. Arsenic elution curves for untreated and soils treated with
diammonium phosphate (DAP), agricultural limestone (AL), or rock
phosphate (RP).
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Fig. 5. Phosphorus elution curves for untreated and DAP amended
soils.

1997, 1999) and many of the rock phosphate sources are
carbonated forms of apatite that have some liming
material value. As expected, change in soil pH with the
AL and RP treatments was negligible with pH values in
the neutral (6.9—7.1) range after the incubation period.

3.8. Probable mineral solid phases and metal solubility

Chemical immobilization treatments may decrease
metal solubility through the formation of metal-phos-
phate precipitates and increase long-term stability by
forming less soluble and more stable metal-phosphate

minerals (Mench et al., 1998). Long-term geochemical
stability of the solid phases formed by chemical immo-
bilization should be evaluated to determine the potential
long-term effectiveness of such treatments. Decreases in
metal contaminant elution due to chemical immobiliza-
tion is often due to the formation of metal phosphate
precipitates or minerals (McGowen and Basta, 2001).
Research conducted on the treated soils used in the col-
umn study described in this manuscript showed cad-
mium phosphate [e.g. Cd;(POy4),] or octavite (e.g.
CdCO3) may control Cd solubility in soils before
immobilization treatments (McGowen et al., 2001).
Cadmium phosphate was the most probable solid
phase, based on use of geochemical computer speciation
modeling, after DAP treatment. Eluted Cd concentra-
tions from limestone treated soil exceeded Cd concen-
tration in equilibrium with CdCO;. The solubility of Cd
of Cd3(POy4), <CdCOs5 at soil pH of DAP- and lime-
stone-treated soils of the current study (McGowen et
al., 2001) supports the conclusion that DAP would still
be a more effective treatment than limestone in reducing
Cd elution. Other work has shown that Cd;(POy,), can
control Cd solubility in phosphate sufficient soils or
soils amended with phosphate (Santillian-Medrano and
Jurinak, 1975; Street et al., 1977).

Research conducted on the treated soils used in the
column study described in this manuscript showed
angelsite (e.g. PbSOy4) or lead phosphates may control
Pb solubility in soils before immobilization treatments
(McGowen et al., 2001). Lead hydroxypyromorphite
was the most probable solid phase, based on use of
geochemical computer speciation modeling, after DAP
treatment. Lead hydroxypyromorphite has been recog-
nized as a mineral controlling Pb solubility in many
soils amended with phosphate materials (Santillian-
Medrano and Jurinak, 1975) and its formation in phos-
phate-treated contaminated soil has been confirmed by
XRD and SEM-EDX (Cotter-Howells and Capron,
1996; Laperche et al., 1996; Laperche et al., 1997; Ma et
al., 1993; Ruby et al., 1994). Similar to Cd findings,
eluted Pb concentrations from limestone treated soil
exceeded Pb concentration in equilibrium with PbCOj;.
The solubility of Pb hydroxypyromorphite < <PbCO;
at soil pH of DAP- and limestone-treated soils of the
current study (McGowen et al., 2001) supports the
conclusion that DAP would still be a more effective
treatment than limestone in reducing Pb elution.

Results comparing phosphate- and carbonate-based
immobilization treatments for Cd and Pb are similar
to Zn. Treatment of contaminated soils with DAP
were consistent with formation of zinc phosphate
minerals (McGowen et al., 2001). Similar to Cd and
Pb findings, eluted metal concentrations from lime-
stone treated soil exceeded metal concentration in
equilibrium with their respective carbonate minerals.
The solubility of Zn phosphates < <ZnCOj; at soil
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pH of DAP- and limestone-treated soils of the current
study (McGowen et al., 2001) supports the conclusion
that DAP would still be a more effective treatment than
limestone in reducing Zn elution.

4. Summary and conclusions

Of the treatments investigated, 10 g DAP kg~! was
the most effective for immobilizing heavy metals eluted
from the contaminated soil with reductions of 94.6% of
Cd, 98.9% of Pb, and 95.8% of Zn eluted when com-
pared with the untreated soil. Application of DAP
caused As release via ligand exchange from the con-
taminated soil at applications >10 g DAP kg
Increasing DAP amendment to the contaminated soil
from 10 to 90 g kg—! increased the total As eluted from
0.13 to 29.5 mg kg~' over 60 pore volumes. Total
phosphorus eluted from the DAP treatments (60 pore
volumes) was 2.31 mg (< 1% of the total added) for the
10 mg DAP kg~! treatment and 335 mg (10.5% of the
total added) for the 90 mg DAP kg~! treatment.
Layered RP at 180 g kg—!' was the most effective treat-
ment for reducing Pb transport with a 99.9% reduction
over the untreated control; however, DAP treatments
outperformed this treatment for Cd and Zn elution.
Mixed RP at both treatments investigated was mostly
ineffective in reducing Cd, Pb, and Zn elution from the
contaminated soil. Limestone, although moderately
effective for reducing Cd (55%) and Pb (45.2%) over
the untreated check, was a poor performer for removing
Zn (21.9%) from solution.

Chemical immobilization of heavy metals using DAP
provided the most effective method of reducing metal
transport. DAP treatments not only removed large
amounts of Pb from solution, but were also highly
effective at reducing Cd and Zn solubility and transport.
Application schemes with DAP must be carefully plan-
ned to reduce As release and P elution, and co-applic-
ation of liming materials with DAP may be necessary to
offset potential soil acidification.

References

American Public Health Association (APHA), 1992. Standard meth-
ods for the examination of water and wastewater. Part 1030 Data
Quality pp. 1-3 to 1-12 and Part 3000 Metals pp. 3—1 to 3-103. In:
Greenberg, A.E., Clesceri, L.S., Eaton, A.D. (Eds.), 18th ed.
American Public Health Assoc, Washington, DC.

ASTM. 1992. The American Society for Testing and Material, vol.
11.01, sec. DH93-91.

Basta, N.T., Gradwohl, R., 1998. Remediation of heavy metal-con-
taminated soil using rock phosphate. Better Crops Plant Food 82,
29-31.

Basta, N.T., Gradwohl, R., 2000. Estimation of Cd, Pb, and Zn bioa-
vailability in smelter-contaminated soils by a sequential extraction
procedure. J. Soil Contam. 9, 149-164.

Brown, G.O., Hseih, H.T., Lin, Y.W., 1997. COLUMN Version 1.4:
Software Documentation prepared for Sandia National Labora-
tories under contract AG-4892. Biosystems and Agricultural Engi-
neering. Oklahoma State University, Stillwater, OK.

Brown, S.L., Chaney, R., Berti, B., 1999. Field test of amendments to
reduce the in-situ availability of soil lead. p. 506-507. In Proc.
Extended Abstr., Sth Int. Conf. on the Biogeochem. Trace Elements
(ICOBTE), Vienna, Austria, 11-15 July, 1999.

Chen, X., Wright, J.V., Conca, J.L., Peurrung, L.M., 1997. Evaluation
of heavy metal remediation using mineral apatite. Water Air Soil
Pollut. 98, 57-78.

Chlopecka, A., Adriano, D.C., 1996. Mimicked in-situ stabilization of
metals in a cropped soil: Bioavailability and chemical form of zinc.
Environ. Sci. Technol. 30, 3294-3303.

Cooper, E.M., Strawn, D.G., Sims, J.T., Sparks, D.L., Onken, B.M.,
1998. Effect of chemical stabilization by phosphate amendment on
the desorption of P and Pb from a contaminated soil. p. 343. In
1998 Agronomy abstracts. ASA, Madison, WI.

Cotter-Howells, J., Capron, S., 1996. Remediation of contaminated
land by formation of heavy metal phosphates. Appl. Geochem. 11,
335-342.

Derome, J., 2000. Detoxification and amelioration of heavy-metal
contaminated forest soils by means of liming and fertilisation.
Environ. Pollut. 107, 79-88.

Derome, J., Saarsalmi, A., 1999. The effect of liming and correction
fertilisation on heavy metal and macronutrient concentrations in
soil solution in heavy-metal polluted Scots pine stands. Environ.
Pollut. 104, 249-259.

Eighmy, T.T., Crannell, B.S., Butler, L.G., Cartledge, F.K., Emery,
E.F., Oblas, D., Krzanowski, J.E., Eusden Jr, J.D., Shaw, E.L.,
Francis, C.A., 1997. Heavy metal stabilization in municipal solid
waste combustion dry scrubber residue using soluble phosphate.
Environ. Sci. Technol. 31, 3330-3338.

Filius, A., Streck, T., Richter, J., 1998. Cadmium sorption and deso-
rption in limed topsoils as influenced by pH: Isotherms and simu-
lated leaching. J. Environ. Qual. 27, 12-18.

Fuge, R., Pearce, F.M., Pearce, N.J.G., Perkins, W.T., 1993. Geo-
chemistry of Cd in the secondary environment near abandoned
metalliferous mines. Wales. Appl. Geochem., Suppl. Iss. 2, 29-35.

Gee, G.W., Bauder, J.W., 1986. Particle size analysis. In: Klute, A.
(Ed.), Methods of soil analysis. Part 1. Physical and mineralogical
methods. 2nd ed. Agron. Monog. 9. ASA and SSSA, Madison, WI,
pp. 383-411.

Hettiarachchi, G.M., and G.M. Pierzynski. 1999. Effect of phosphorus
and other soil amendments on soil lead, cadmium and zinc bioa-
vailability. p. 514-515. In Proc. Extended Abstr., Sth Int. Conf. on
the Biogeochem. Trace Elements (ICOBTE), Vienna, Austria, 11-15
July, 1999.

Hettiarachchi, G.M., G.M. Pierzynski, J. Zwonitzer, and M. Lambert.
1997. Phosphorus source and rate effects on cadmium, lead, and
zinc bioavailabilities in a metal-contaminated soil. p. 463-464. In
Extended Abstr., 4th Int. Conf. on the Biogeochem. Trace Elements
(ICOBTE), Berkeley, CA, 23-26 June, 1997.

Holmgren, G.G.S., Meyer, M.W., Chaney, R.L., Daniels, R.B., 1993.
Cadmium, lead, zinc, copper, and nickel in agricultural soils of the
United States of America. J. Environ. Qual. 22, 335-348.

Hooda, P.S., Alloway, B.J., 1996. The effect of liming on heavy metal
concentrations in wheat, carrots and spinach grown on previously
sludge-applied soils. J. Agric. Sci. 127, 289-294.

Jurinak, J.J. and J. Santillian-Medrano. 1974. The chemistry and
transport of lead and cadmium in soils. Rep. 18. Utah Agric. Exp.
Stn., Logan, UT.

Karathanasis, A.D., Hajek, B.F., 1996. Elemental analysis by X-ray
fluorescence spectroscopy. In: Sparks, D.L. (Ed.), Methods of soil
analysis. Part 3. Chemical Methods. SSSA Book Series no. 5. SSSA
and ASA, Madison, WI, pp. 161-223.

Kuo, S., 1986. Concurrent sorption of phosphate and zinc, cadmium,



82 N.T. Basta, S.L. McGowen | Environmental Pollution 127 (2004) 73-82

or calcium by a hydrous ferric oxide. Soil Sci. Soc. Am. J. 50, 1412—
1419.

Lambert, M., Pierzynski, G., Erickson, L., Schnoor, J., 1994. Reme-
diation of lead, zinc, and cadmium contaminated soils. Issues
Environ. Sci. Technol. 7, 91-102.

Laperche, V., Logan, T.J., Gaddam, P., Traina, S.J., 1997. Effect of
apatite amendments on plant uptake of lead from contaminated
soil. Environ. Sci. Technol. 31, 2745-2753.

Laperche, V., Traina, S.J., Gaddam, P., Logan, T.J., 1996. Chemical
and mineralogical characterizations of Pb in a contaminated soil:
Reactions with synthetic apatite. Environ. Sci. Technol. 30, 3321—
3326.

Levi-Minzi, R., Petruzzelli, G., 1984. The influence of phosphate fer-
tilizers on Cd solubility in soil. Water Air Soil Pollut. 23, 423-429.
Lindsay, W.L., 1979. Chemical equilibria in soils. John Wiley & Sons

Inc, New York.

Lindsay, W.L., 2001. Chemical equilibria in soils. The Blackburn
Press, Caldwell, NJ.

Ma, Q.Y., Logan, T.J., Traina, S.J., 1995. Lead immobilization from
aqueous solutions and contaminated soils using phosphate rocks.
Environ. Sci. Technol. 29, 1118-1126.

Ma, Q.Y., Traina, S.J., Logan, T.J., 1993. In situ lead immobilization
by apatite. Environ. Sci. Technol. 27, 1803-1810.

Ma, L.Q., Rao, G.N., 1997. Effects of phosphate rock on sequential
chemical extraction of lead in contaminated soils. J. Environ. Qual.
26, 788-794.

McGowen, S.L., Basta, N.T., 2001. Heavy metal solubility and trans-
port in soil contaminated by mining and smelting. In: Selim, H.M.,
Sparks, D.L. (Eds.), Heavy Metal Release in Soils. CRC Press, Inc,
Boca Raton, FL, pp. 89-107.

McGowen, S.L., Basta, N.T., Brown, G.O., 2001. Use of diammo-
nium phosphate to reduce heavy metal solubility and transport in
smelter-contaminated soil. J. Environ. Qual. 30, 493-500.

Mench, M.J., Didier, V.L., Leoffler, M., Gomez, A., Pierre, M., 1994.
A mimicked in-situ remediation study of metal-contaminated soils
with emphasis on cadmium and lead. J. Environ. Qual. 23, 58-63.

Mench, M., Vangronsveld, J., Lepp, N.W., Edwards, R., 1998. Phy-
sico-chemical aspects and efficiency of trace element immobilization
by soil amendments. In: Vangronsveld, J., Cunningham, S.D.
(Eds.), Metal-contaminated soils: In situ inactivation and phytor-
estoration. Springer-Verlag, Berlin.

McBride, M.B., 1989. Reactions controlling heavy metal solubility in
soils. Adv. Soil Sci. 10, 1-56.

McBride, M.B., Suave, S., Hendershot, W., 1997. Solubility control of
Cu, Zn, Cd, and Pb in contaminated soils. European J. Soil Sci. 48,
337-346.

McGowen, S.L., 2000. In-situ chemical treatments for reducing heavy
matal solubility and transport in smelter contaminated soil. Ph.D.
diss. Oklahoma State University, Stillwater, OK, USA.

Murphy, J., Riley, J.P., 1962. A modified single solution method for

the determination of phosphate in natural waters. Anal. Chem.
Acta. 27, 31-36.

Nriagu, J.O., 1972. Lead orthophosphate I. Solubility and hydrolysis
of secondary lead orthophosphate. Inorg. Chem. 11, 2499-2503.
Nriagu, J.O., 1973. Lead orthophosphates- II. Stability of chloropyr-

omorphite at 25 °C. Geochim. Cosmochim. Acta 37, 367-377.

Nriagu, J.O., 1984. Formation and stability of base metal phosphates
in soils and sediments. Ch. 10. In: Nriagu, J.O., Moore, P.B (Eds.),
Phosphate Minerals. Springer-Verlag, Berlin.

Paulson, A.J., 1997. The transport and fate of Fe, Mn, Cu, Zn, Cd,
Pb, and SO, in a groundwater plume and in downstream surface
water in the Coeur d’Alene mining district. Idaho, USA. Appl.
Geochem. 12, 447-464.

Peryea, F.J., 1991. Phosphate-induced release of arsenic from soils con-
taminated with lead arsenate. Soil Sci. Soc. Am. J. 55, 1301-1306.

Peryea, F.J., Kammereck, R., 1997. Phosphate-enhanced movement of
arsenic out of lead arsenate-contaminated topsoil and through
uncontaminated subsoil. Water Air Soil Pollut. 93, 243-254.

Pierzynski, G.M., Schwab, A.P., 1993. Bioavailability of zinc, cad-
mium, and lead in a metal-contaminated alluvial soil. J. Environ.
Qual. 22, 247-254.

Ruby, M.V., Davis, A., Nicholson, A., 1994. In situ formation of lead
phosphates as a method to immobilize lead. Environ. Sci. Technol.
28, 646-654.

Santillian-Medrano, J., Jurinak, J.J., 1975. The chemistry of lead and
cadmium in soil: Solid phase formation. Soil Sci. Soc. Am. Proc. 39,
851-856.

Selim, H.M., Amacher, M.C., 1996. Reactivity and Transport of
Heavy Metals in Soils. CRC Press, Boca Raton, FL.

Sposito, G., 1989. The Chemistry of Soils. Oxford Univ. Press, New
York.

Street, J.J., Lindsay, W.L., Sabey, B.R., 1977. Solubility and plant
uptake of cadmium in soils amended with cadmium and sewage
sludge. J. Environ. Qual. 6, 72-77.

Swift, R.S., 1996. Organic matter characterization. In: Sparks, D.L.
(Ed.), Methods of soil analysis. Part 3. Chemical Methods. SSSA
Book Series no. 5. SSSA and ASA, Madison, WI, pp. 1011-1069.

US Environmental Protection Agency, 1986. Test methods for evalu-
ating solid wastes. SW-846, 3rd ed.. U.S. Gov. Print. Office.

Wagner, J.F., 1994. Concept of a double mineral base layer. In:
Christensen, T.H., Cossu, R., Stegman, R. (Eds.), Landfilling of
waste: Barriers. E&FN SPON, London.

Xie, R.J., MacKenzie, A.F., 1990. Zinc sorption, desorption, and
fractions in three autoclaved soils treated with pyrophosphate. Soil
Sci. Soc. Am. J. 54, 71-77.

Zhang, P., Ryan, J.A., 1999. Formation of chloropyromorphite from
galena (PbS) in the presence of hydroxyapatite. Environ. Sci. Tech-
nol. 33, 618-624.

Zhang, P., Ryan, J.A., Yang, J., 1998. In vitro soil Pb solubility in the
presence of hydroxyapatite. Environ. Sci. Technol. 32, 2763-2768.



	Evaluation of chemical immobilization treatments for reducing heavy metal transport in a smelter-contaminated soil
	Introduction
	Materials and methods
	Soil characterization
	Chemical immobilization treatments
	Solute transport

	Results and discussion
	Soil properties and contaminants
	Contaminant transport
	Rock phosphate treatments
	Limestone treatments
	Diammonium phosphate treatments
	Phosphate elution
	Effects of chemical treatments on soil pH
	Probable mineral solid phases and metal solubility

	Summary and conclusions
	References


